Research was amducted to determine the extent to which the method of calculation affects estimates of fertilizer N efficiency using I5N UBLIC CONCERN regarding NO3 contamination of P ground and surface water has drawn attention to the need for quantitative data concerning the fate of N applied to agricultural soil as fertilizer, and a growing number of investigations are being conducted to obtain such data (e.g., Hills et al., 1983; Sharpe et al., 1988; Walters and Malzer, 1990). A major goal of these investigations is to improve the efficiency of N fertilizers, on the assumption that higher efficiency will permit high yields while minimizing the pollution potential. N fertilizer efficiency can be defined in several ways, however, depending on the method by which it is calculated. Fox and Piekielek (1987) found that the effects of tillage treatments on N fertilizer efficiency depended on the way in which efficiency was defined, either as (i) crop yield per unit of N fertilizer applied at economically optimum N rates, or (ii) the difference between N uptake by the N-fertilized crop and uptake by the non-fertilized crop, expressed as a percentage of the amount of fertilizer N applied. Both definitions are subject to limitations. In the former case, efficiency is defined strictly in terms of crop yield, without regard to the amount of N utilized or the pollution potential of the fertilizer. In the latter case, the defi- 66 nition of efficiency is based on the assumption that addition of fertilizer N will not alter 1:he availability or uptake of native soil N. Yet this assumption can be invalid due to an added N interaction (ANI) with soil N (Jenkinson et al., 1985) , also known as the socalled "priming effect" of fertilizer N (Hauck and Bremner, 1976).
UBLIC CONCERN regarding NO3 contamination of P ground and surface water has drawn attention to the need for quantitative data concerning the fate of N applied to agricultural soil as fertilizer, and a growing number of investigations are being conducted to obtain such data (e.g., Hills et al., 1983; Sharpe et al., 1988; Walters and Malzer, 1990) . A major goal of these investigations is to improve the efficiency of N fertilizers, on the assumption that higher efficiency will permit high yields while minimizing the pollution potential. N fertilizer efficiency can be defined in several ways, however, depending on the method by which it is calculated. Fox and Piekielek (1987) found that the effects of tillage treatments on N fertilizer efficiency depended on the way in which efficiency was defined, either as (i) crop yield per unit of N fertilizer applied at economically optimum N rates, or (ii) the difference between N uptake by the N-fertilized crop and uptake by the non-fertilized crop, expressed as a percentage of the amount of fertilizer N applied. Both definitions are subject to limitations. In the former case, efficiency is defined strictly in terms of crop yield, without regard to the amount of N utilized or the pollution potential of the fertilizer. In the latter case, the defi- 66 nition of efficiency is based on the assumption that addition of fertilizer N will not alter 1:he availability or uptake of native soil N. Yet this assumption can be invalid due to an added N interaction (ANI) with soil N (Jenkinson et al., 1985) , also known as the socalled "priming effect" of fertilizer N (Hauck and Bremner, 1976) .
Increasingly, 15N-tracer techniques are being employed in research on the fate and behavior of fertilizer N. Compared to non-tracer studies, determinations of labeled fertilizer N can be made more accurately (Hauck and Bremner, 1976) , treatment effects can be detected with greater sensitivity (Russelle et al., 1981) , and studies of the transformations and fate of fertilizer N can be conducted without need for a check plot (Hauck and Bremner, 1976) . Moreover, N in the crop derived from fertilizer can be distinguished from soil-derived N, allowing fertilizer N efficiency to be calculated without regard to residual fertilizer N in the soil. However, interpretation of data is complicated by the fact that fertilizer N applied to soil undergoes exchange with native soil N through mineralization-immobilization turnover (MIT) (Jansson and E'ersson, 1982; Walters and Malzer, 1990) , which accounts for the fact that estimates of N fertilizer efficiency based on 15N uptake are usually lower than those calculated by difference (Terman and Brown, 1968; Westerman and Kurtz, 1974; Dowdell and Webster, 1980) .
In studies involving use of 15N as a tracer, fertilizer efficiency is typically calculated from plant recovery of 15N (e.g., Russelle et al., 1981; Hillls et al., 1983; Walters and Malzer, 1990) . However, as pointed out by Walters and Malzer (1990) , such estimates should be made with caution because of the effect of MIT on the isotopic composition of the N taken up by the plant. To avoid this problem, Walters andl Malzer (1990) recommended that N fertilizer efficiency be calculated from the difference between N uptake by fertilized and non-fertilized plants. Such calculations are based on the assumptions that application of fertilizer N has no effect on uptake of native soil N and that the treatments under consideration do not affect IN uptake when no N is applied. There is evidence that the former assumption is often invalid (Hauck and Bremner, 1976) , and recent work by Fox and Piekielek (1987) illustrates that the latter assumption can also be invalid, as N fertilizer efficiencies calculated by difference for various tillage treatments were found to depend largely upon differences in N uptake when N was not applied (Le., among check plots receiving different tillage treatments). Recent work by Varve1 and Peterson (1990) with different crop rotations further illustrates the difficulties involved in estimating N fertilizer efficiency by the difference method or from plant recovery of 15N.
To properly interpret N fertilizer efficiency estiAbbreviations: ANI, added N interaction; and MIT, mineralization-immobilization turnover. 
MATERIALS AND METHODS
Field experiments with corn were conducted in 1987 and 1988 at DeKalb, Brownstown, and Havana, IL, on major soil types for which inefficient N fertilizer use is a common occurrence. At DeKalb and Brownstown, substantial loss of N can occur by denitrification following heavy rainfall in the spring and early summer, either because of slow internal permeability, as is the case for the Drummer silty clay loam at DeKalb, or because of the presence of a relatively impermeable claypan, as is the case for the Cisne silt loam at Brownstown. At Havana, rapid leaching of NO, leads to serious loss of fertilizer N from the excessively well drained Plainfield sand. Chemical and physical characteristics of the soils (Table 1) were determined from surface (0-15 cm)samples at each site. In the analyses reported in Table 1 , pH was determined with a glass electrode (soilto-water ratio, l:l), organic C by the Walkley-Black procedure (Nelson and Sommers, 1982) , total N by a permanganate-reduced iron modification of a semimicro-Kjeldahl procedure (Bremner and Mulvaney, 1982) , available P by the Bray-1 method (Knudsen, 1980) , and available K by flame photometry following NH,OAc extraction (Carson, 1980) . Three moisture treatments were imposed to change the effectiveness of fertilizer N application at each location. Early-season moisture regimes were established on approximately 1 June to simulate heavy rainfall events that commonly occur in Illinois. The moisture regimes used were ambient rainfall; ambient rainfall plus 100 mm of excess water, applied over a 3-d period as simulated rainfall; and ambient rainfall plus 150 mm of excess water, applied over an 8-d period as simulated rainfall. Table 2 shows monthly totals of rainfall and irrigation during May and June prior to establishment of moisture regimes. Plot size was 15.2 by 4.6 m for the Cisne and Drummer soils and 10.7 by 4.6 m for the Plainfield soil. Nitrogen as KNO, was broadcastapplied (168 kg N ha-l) at the 1 to 3 leaf stage to all but a 2.3-by 3.5-m area (microplot) in the center of each plot. To each microplot, 15N-enriched KNO, was applied in solution as uniformly as possible with a compressed air spray gun applicator. The KNO, applied to the Drummer and Cisne soils contained 2.79 atom % 15N; the KNO, applied to the Plainfield soil contained 2.29 atom % 15N. In each case, a check plot receiving no fertilizer N was established.
Prior to establishment of the water regimes, water was applied to bring the matric potential of all plots (including those designated as ambient) to -33 kPa. Illinois, 1986) . The microplots were arranged to include four rows of corn. Plant samples (grain, cob, and remaining plant parts) were collected from a 1.52-m section of the two center rows within the microplots at harvest. The samples were dried at 65°C (until weight loss was complete), ground in a Wiley mill to pass a 0.44-mm screen, and analyzed for total N using a salicylic acid-thiosulfate modification of a semimicro-Kjeldahl method (Bremner and Mulvaney, 1982) . Uptake of N in the aboveground portion of the plant was calculated from the relation, plant N uptake = (N, x W,) + (N, x W,) + (N, x WJ, where the concentration of N (kg kg-') was multiplied by dry weight (kg ha-') of the grain, cob, and remaining plant parts, indicated by the subscripts, g, c, and r, respectively.
At harvest, six soil cores were collected from within the microplot to a depth of 120 cm. Each core was sectioned into four 30-cm increments. Immediately after collection, the soil samples were frozen for transport to the IaboratoIy at Urbana, IL. Prior to analyses for NO,-N and total N, the samples were screened (< 1mm) in the field-moist condition. Following extraction with 2 M KCl (soiksolution ratio, 1:5), inorganic N concentrations were determined by steam distillation of the extracts with MgO and Devarda's alloy as described by Keeney and Nelson (1982) . The total N content of soil samples was determined using a permanganate-reduced iron modification of a semimicro-Kjeldahl method (Bremner and Mulvaney, 1982). Distillates were concentrated for isotope-ratio analyses, which were per---68 AGRONOMY JOURNAL, VOL. 84, JANUARY-FEBRUARY 1992 $Values within the same column followed by the same lower m e letter PN deficit (kg ha-') = 168 -(plant N + total soil N).
do not differ significantly (0.05 level).
$Values within the same row followed by the same upper case letter do not differ significantly (0.05 level). apparent ANI (Jenkinson et al., 1985) or "priming effect" of fertilizer N. The much smaller differences observed with the Plainfield soil than with the Drummer or Cisne soil in estimating efficiency by Methods 1and 2 can be attributed, at least in part, to extensive loss of fertilizer 15N due to leaching of NO, (see N deficit values in Table 4) ,with very little loss by denitrification. Leaching cannot contribute to an apparent ANI, whereas denitrification can (Jenkinson et al., 1985) . Unlike the other two soils, N fertilizer efficiencies calculated for the Plainfield soil in 1988by difference (Method 3, Table 3 ) were consistently higher than those based on total recovery of 15N (Method 2, Table  3 ). This can be attributed in part to the low recoveries of fertilizer "N for this soil compared to the other two soils, but also to extremely limited uptake of N by non-fertilized corn plants (Table 5 ). Under such conditions, a real ANI can arise from increased root growth following N fertilizer application (Fried and Broeshart, 1974 ). This appears to have occurred with the Plainfield soil, as application of N fertilizer led to a dramatic increase in the amount of soil-derived N in the plant. Compared to N uptake in non-fertilized plots (Table 5) , the increase for the three moisture treatments ranged from 86 to 290% [calculated from 1988 data as 100 x (TPNfe, -TP15Nfe,, -TPN,,,,)/ TPN,,,,,,, where TPN,,, and TPN,,,,,, are obtained from Table 5 , and TP"Nfert is plant content of fertilizer 15N (Table 4) ]. No significant differences were found with the Plainfield soil in 1987, due to extreme variability in the data resulting from extensive Ieaching.
RESULTS AND IDISCUSSI0:N
Not only do different methods of calculation tend to give different numerical estimates of N fertilizer efficiency, the relative efficiencies associated with treatment effects can be influenced, as can levels of significance between efficiencies for different treatments. In our work, this was observed with the Drummer and Cisne soils. With the Drummer soil in 1987, for example, application of early-season excess water was found to significantly reduce N fertilizer efficiency compared to the ambient treatment, regardless of which method was used to calculate percent efficiency (Table 3) . But the magnitude of the reduction varied with method of calculation. Fertilizer N efficiency estimates were significantly greater with the 150-mm application than with the 100-mm application when calculated by difference (Method 3), but not when efficiency was calculated from plant uptake of 15N (Method 1) or from recovery of I5N in the plant plus soil (Method 2). The disparity may be due, at least in part, to the extensive occurrence of MIT, because most of the fertilizer "N recovered from the Drummer soil in 1987 was found in the organic fraction (Table 4) . Since MIT is not normally stoichiometric (Nommik, 1968; Riga et al., '1980) , the amount of native soil N mineralized may have exceeded the amount of fertilizer N immobilized.
Environmental conditions also influenced fertilizer N efficiency calculated by the three methods. With the Drummer soil in 1988, fertilizer N efficiencies for the three moisture treatments did not differ significantly when calculated by Method 1 (Le., from plant uptake of 15N) or Method 3 (Le., by difference) (Table  3) . However, a significant difference was observed when fertilizer N efficiencies were estimated from recovery of 15N (Method 2), with lower efficiency being indicated following the addition of early-season excess water. These findings can be attributed to extreme drought conditions, which resulted in the plants being under moisture stress for much of the growing season. Plant uptake of N was restricted under these conditions, and no significant differences were found between early-season excess moisture treatments in plant uptake of fertilizer N (Table 4) or in fertilizer N efficiency estimates based on uptake (Table 3 , Method 1and 3). However, application of early-season excess water to Drummer soil in 1988 led to a significant increase in the 15N deficit (Table 4) , with a concomitant reduction in fertilizer N efficiency estimates based on total (Le., plant plus soil) recovery of 15N (Table  3 , Method 2).
The three methods of calculation gave similar results in estimating fertilizer N efficiency for the Cisne soil in 1988, but substantial differences occurred in 1987 (Table 3) . When calculated by difference (Method 3), addition of early-season excess water significantly increased N fertilizer efficiency in 1987, whereas the 15N methods (Method 1 or 2) indicated a significant decrease in fertilizer N efficiency due to addition of early-season excess water. The most likely explanation for this decrease would appear to be substantial AGRONOMY JOURNAL, VOL. 84, JANUARY-FEBRUARY 1992 fertilizer N loss by denitrification, as indicated by a significant increase in the N deficit with application of early-season excess water (see 1987 data for Cisne soil in Table 4 ). This loss had no effect on total N uptake at harvest (Table 5) , which accounts for the fact that no decrease in efficiency was detected with the difference method. On the contrary, N fertilizer efficiency calculated by difference increased due to a decrease in total plant N for the check plots. Similar difficulties were reported by Fox and Piekielek (1987) .
While numerical differences occurred with the Plainfield soil when the three methods were used to calculate fertilizer N efficiency, there was no difference between the methods in trends among moisture treatments. This can be attributed to minimal interchange of soil and fertilizer N through MIT. The implication is that, with coarse-textured soils having a low content of organic C, and hence a low level of biological activity, interpretation of N fertilizer efficiency is unlikely to depend upon the method of calculation used.
To summarize, our work indicates that the method by which fertilizer N efficiency is calculated can have a considerable effect on interpretation of treatment effects involving application of N fertilizer and that, for most agricultural soils (i.e., except those with very low content of organic C), considerable uncertainty is introduced by the effects of MIT and AMI. This uncertainty is unavoidable whenever fertilizer N efficiency is defined in terms of crop uptake of fertilizer N, either with or without 15 N as a tracer. In the former case, the uncertainty is due to the exchange of soil and fertilizer N through MIT. In the latter case, it is due to an ANI between the fertilizer and soil N. In studies using 15 N-Iabeled fertilizer, fertilizer N efficiency is more exactly defined in terms of the amount of fertilizer N in the plant-soil system.
The present study demonstrates a need to develop standard terminology for fertilizer N and 1S N research. Such terminology would help identify parameters that can be used to define fertilizer efficiency, clarify assumptions made in its calculation, and thereby aid in the interpretation of results. At the very least, the method of calculation should be clearly specified.
